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The rate of translational elongation is non-uniform. mRNA secondary structure, codon usage and mRNA associated proteins may alter ribosome
movement on the message™ ¥ *°® ! However, it's now widely accepted that synonymous codon usage is the primary cause of non-uniform
translational elongation rates’. Synonymous codons are not used with identical frequency. A bias exists in the use of synonymous codons with
some codons used more frequently than others®. Codon bias is organism as well as tissue specificz'3. Moreover, frequency of codon usage

is directly proportional to the concentrations of cognate tRNAs*. Thus, a frequently used codon will have higher multitude of corresponding
tRNAs, which further implies that a frequent codon will be translated faster than an infrequent one. Thus, regions on mRNA enriched in rare
codons (potential pause sites) will as a rule slow down ribosome movement on the message and cause accumulation of nascent peptides of
the respective sizes>®. These pause sites can have functional impact on the protein expression, mRNA stability and protein folding™ """ s °,
Indeed, it was shown that alleviation of such Pause sites can alter ribosome movement on mMRNA and subsequently may affect the efficiency of
co-translational (in vivo) protein foIding1’7'1°'1 . To understand the process of protein folding in vivo, in the cell, that is ultimately coupled to the
process of protein synthesis it is essential to gain comprehensive insights into the impact of codon usage/tRNA content on the movement of
ribosomes along mRNA during translational elongation.

Here we describe a simple technique that can be used to locate major translation pause sites for a given mRNA translated in various cell-free
systemss's. This procedure is based on isolation of nascent polypeptides accumulating on ribosomes during in vitro translation of a target mMRNA.
The rationale is that at low-frequency codons, the increase in the residence time of the ribosomes results in increased amounts of nascent
peptides of the corresponding sizes. In vitro transcribed mRNA is used for in vitro translational reactions in the presence of radioactively labeled
amino acids to allow the detection of the nascent chains. In order to isolate ribosome bound nascent polypeptide complexes the translation
reaction is layered on top of 30% glycerol solution followed by centrifugation. Nascent polypeptides in polysomal pellet are further treated with
ribonuclease A and resolved by SDS PAGE. This technique can be potentially used for any protein and allows analysis of ribosome movement
along mRNA and the detection of the major pause sites. Additionally, this protocol can be adapted to study factors and conditions that can alter
ribosome movement and thus potentially can also alter the function/conformation of the protein.

Video Link

The video component of this article can be found at https://www.jove.com/video/4026/

Protocol

1. DNA Template Preparation and in vitro Transcription

1. The gene of interest is cloned under T7 and/or e.g. SP6 transcriptional promoter.

2. For in vitro transcription the template DNA is linearized with an appropriate restriction enzyme cutting downstream of the ORF stop codon
and/or mRNA 3' end. One needs to verify complete linearization of the plasmid DNA by running the restriction digestion product on agarose
gel electrophoresis.

3. The linearized plasmid is used for in vitro transcription reaction. Different concentration of template DNA can be tested to identify optimum
DNA concentration required for in vitro transcription. Generally, with Ambion's MEGAscript High yield Transcription Kit (Ambion/Life
Technologies, Grand Island, NY), 1 ug linearized DNA yields 40-60 pg of mRNA. In vitro transcription is done following manufacturer's
instruction (Ambion/Life Technologies, Grand Island, NY).

4. Following in vitro transcription the mRNA is purified by lithium chloride precipitation according to manufacturer's instruction (Ambion's
MEGAscript High yield Transcription Kit).

5. mRNA integrity is further verified by electrophoresis on acrylamide or agarose gels.
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2. In vitro Cell Free Translation

For in vitro translation using Rabbit Reticulocyte Lysate, RRL (Promega, Madison, WI) follow the steps below:

1. Prepare 100 pl in vitro translation reaction following manufacturer's instruction. Briefly, in nuclease free water add 2 pl amino acid mixture
minus methionine (1 mM), 10 units of RNase Inhibitor (Invitrogen/Life Technologies, Grand Island, NY), 20 uCi of radioactive [358]-Methionine
(MP Biomedicals, Solon, OH), 70 ul of Rabbit Reticulocyte Lysate (Promega, Madison, WI).

2. Incubate the reaction at 30 °C for 5 min to pre warm the translation reaction. Add 2 ug of mRNA to the translation reaction and incubate at 30
°C for 5 min.

3. Stop the reaction by placing the translation reaction on ice.

3. Isolation of Nascent Polypeptides from in vitro Translation Reaction

1. To isolate nascent polypeptide bound to ribosomes (polysome), translation reaction is layered on top of 4.5 ml of 30% glycerol in 10 mM Tris-
HCI buffer pH 7.6, containing 100 mM KCI, 10 mM MgCl,, and centrifuged at 100,000 X g in a TLA-110 rotor (Beckman Coulter, Inc, Brea,
CA) for 1 hrat4 °C.

2. The supernatant is further carefully removed.

3. The polysomal pellet containing nascent polypeptides is resuspended in a small volume (10-15 pl) of 1 mM Tris-HCI buffer pH 7.6, containing
0.5 mg/ml ribonuclease A (Invitrogen/Life Technologies, Grand Island, NY), and incubated for 30 min at 37 °C. In order to enhance the
hydrolysis of the peptidyl-tRNA ester bond, NaOH is added to a final concentration of 10 mM, and the incubation is continued for additional 30
min.

In vitro translation reaction assembled without mMRNA and performed under the same conditions (followed by isolation of nascent peptides as has
been described) would serve as a major control. Treatment of the translation reaction(s) with puromycin before subjecting the extract to density
gradient centrifugation may serve as an additional control.

4. Resolving the Nascent Polypeptide on Tris-tricine SDS PAGE

1. The isolated nascent polypeptides are resolved and analyzed on Tris- tricine SDS-PAGE. Please note that the amount of the material loaded
on the gel will dependent on the efficiency of protein labeling, efficiency on protein translation and many others parameters. The amount of
loaded material should be adjusted empirically to allow the best visualization and separation of individual nascent polypeptide chains.

2. After electrophoresis gels are fixed, dried using vacuum gel dyer and subjected to autoradiography. The distribution of nascent polypeptides
are observed using phosphoimaging.

5. Representative Results

Bovine Gamma-B Crystallin was translated in Rabbit Reticulocyte Lysate as well as in E. coli S30 Extract Systems (Promega, Madison, WI)
followed by isolation of nascent polypeptide chains. Figure 1 depicts steps involved in isolation of ribosome bound nascent chains. In the present
study the aim was to test, if changing the environment of translation i.e. repertoire of tRNAs (known to be substantially different in mammalian
(RRL) and prokaryotic (E. coli) systems due to differences in codon bias between the organisms) can alter ribosome movement along mRNA
and effect the distribution of translation pause sites. Altered ribosome movement should lead to changes in the distribution of sizes of nascent
polypeptides accumulating during translation, as well as their relative intensities. Relative intensities of the bands reflect the duration of the
pause. The nascent polypeptides were isolated and resolved on 16.5%T , 6%C Tris-tricine SDS PAGE (Figure 2). Gamma-B Crystallin is a

20 kDa protein. The observation of nascent polypeptides of non-identical lengths and intensities in RRL and E. coli systems indicates that the
movement of ribosomes along mRNA in these two systems follows different translation kinetics. For example, we observed a prominent band

of 17.7 kDa in E. coli lysate and not in RRL system, suggesting that there is an additional translational pause site in the 3'- end region of mMRNA
(encoding C-terminal region of Gamma B Crystallin), when it is translated in E. coli system. We note that Gamma-B Crystallin harbors tandem
Arg codons (AGG53 and AGAs4) that are frequent in mammalian systems, but are known to be extremely rare and slowly translated in E. coli. A
novel nascent peptide accumulating in E. coli system (~17.7 kDa Figure 2.2) is likely caused by ribosome pausing at these tandem rare codons.
Please note that no bands can be observed in the absence of mMRNA (Figure 2.3) and that puromycin treatment removes most of the nascent
chains from polysomes (Figure 2.3). Prolonged treatment with puromycin (> 15 min) removes all the nascent chains (data not shown). This
confirms that the observed polypeptide products are ribosome associated nascent chains, rather than mRNPs cosedimenting with polysomes.

As mentioned above, codon bias is organism as well as tissue specific. The representative example described here, clearly indicates that
changing the environment of translation i.e. repertoire of tRNAs/codon bias can lead to altered movement of ribosome along the mRNA.
Evidently, this simple technique can not only allow identification of the translational pause sites along mMRNA, but also permits rapid comparison
of the translation pause sites between different systems.
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Figure 1. Schematic explaining the steps involved in isolating ribosome bound nascent polypeptides. Bovine Gamma-B Crystallin ORF
sequence (528 base pairs) was cloned downstream of T7 promoter in pBSKS+. For in vitro transcription the template DNA was linearized by
treating it with EcoRI. Linearized template was used for in vitro transcription. T7 promoter in DNA template is recognized by T7 RNA polymerase
that transcribes the downstream Gamma-B Crystallin gene. mRNA is purified using lithium chloride precipitation method. The purified mRNA is
used for in vitro translation. Following incubation, translation reaction is layered on top of 30% glycerol solution and centrifuged for 1 hr at 4 °C at
100,000 X g to isolate ribosome bound nascent polypeptides.
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Figure 2. Isolation of Bovine Gamma-B Crystallin nascent polypeptides translated in Rabbit Reticulocyte Lysate (RRL) and E.

coli Lysate. 2 pg mRNA was mixed in 100 pl reaction containing RRL or E. coli S30 Extract System (Promega, Madison, WI) according to
manufacturer's instruction with 20 uCi [SSS]-Methionine and incubated at 30 °C for 5 min. Following incubation the translation reaction was
layered on top of 4.5 ml of 30% glycerol in 10 mM Tris-HCI buffer pH 7.6, containing 100 mM KCI, 10 mM MgCl,, and centrifuged for 1 hr at 4
°C and 100,000 X g in a TLA-110 rotor (Beckman Coulter, Inc, Brea, CA). The isolated polyribosome pellet was resuspended in 20 pl of 1 mM
Tris-HCI pH 7.6, containing 0.5 mg/ml ribonuclease A (Invitrogen/Life Technologies, Grand Island, NY) followed by treatment with NaOH (as
described in the protocol section). Nascent polypeptides were resolved on 16.5% T, 6% C Tris-Tricine SDS PAGE gel. The gel was dried and
exposed for autoradiography. Following exposure the gel was scanned using GE Healthcare's Typhoon Imaging Scanner. Figure 2.1 shows
the gel with nascent polypeptides isolated and resolved after translation reactions done in two different systems (RRL and E. coli). Figure 2.2
The gel was analyzed by Image Quant TL, v2005 software and used here as an example to show that the molecular weight and intensity of
the nascent polypeptides accumulating in two systems can be easily analyzed and compared. Figure 2.3 shows two sets of controls: nascent
polypeptides isolated and resolved on SDS PAGE after translation reactions were assembled without mMRNA and/or after the translation reactions
were treated with puromycin (5 min, final conc. 1 mM) before the reaction was subjected to centrifugation.

For reproducible results, quality and concentration of the components used for in vitro transcription and translation reactions are critical. In
the current study we have used commercially available kits and extracts that provide highly reproducible data, if handled carefully. However,
translation-competent extracts can be prepared from the cell of one's choice, if needed. Quality of mMRNA can affect the translation, so it is of
utmost importance to test the integrity of mMRNAs before using it during in vitro translation.

Further, the duration of the in vitro translation reaction has to be optimized for each individual protein. This is a critical step for isolation

of nascent polypeptides. Extended incubation leads to the synthesis of the full-length protein and the release of the majority of nascent
polypeptides from the ribosomes. Incubation time can be optimized by performing in vitro translation reactions with different time points. Once
the minimum time required for translation of the full-length protein is established, next step is to do another set of experiments around this time
span and identify the incubation period, where most of the nascent polypeptides would be still bound to the ribosome(s) (i.e. the translation
initiation and termination processes would be still in equilibrium). The translation reaction can also be stopped by adding antibiotics that arrest
translational elongation (e.g. cycloheximide). It is obvious that this experimental system would allow resolution and analysis of the major pause
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sites along mMRNA and the resolving capacity of the gel system to be used would have a major impact on the quality of the results. Tricine-sodium
dodecyl sulfate-polyacrylamide gel electrophoresis allowing separation of proteins in the range from 1 to 100 kDa is highly recommended for

the use in these types of experiments12. It should be noted that this strategy can be also adapted to the analysis of the location of pause sites
during protein expression in vivo (in cells). In the later case, total polysomal fraction from metabolically labeled cells should be isolated first.
Polysomes translating specific mRNA of interest should be then isolated by immunoprecipitation with anti-(protein of interest) specific antibodies
and analysis of the labeled nascent chains should be done as described. It is preferable to use antibodies directed against N-terminal region of
the protein of interest. If necessary, protein of interest can be tagged with e.g. FLAG-peptide to ensure efficient pull down. An alternative protocol
based on selective isolation of translating ribosomes bound to a biotin-labeled MRNA has been also recently decribed"®. It should be noted that
for more accurate determination of the translation pause sites, especially for large proteins one can use micrococcal nuclease protection assays.
A modification of the later assay, which is based on the deep sequencing of ribosome-protected mMRNA fragments and enables investigation of
protein translational dynamics on the genome-wide level, has been also described™.

The simple and highly adaptable technique described in this paper can be used to follow movement of ribosomes along mMRNA, help identify
translation pause sites and also test factors and conditions that can alter ribosome movement during translational elongation. It can be potentially
used for optimization of co-translational protein folding in heterologous system(s) by adjusting the correct locations of the major translation pause
sites by employing synonymous codon substitutions.
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